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Some open questions on hadronic structure

e Can we describe nucleons in terms of its constituents
e Where does the spin of the nucleon come from?

Courtesy of A. Bacchetta
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5 Dimensional Structure of the nucleon

Wigner distributions \
T R Jransverse momentum
p(x,br,kr)

kT

T

Longitudinal momentum

Courtesy of A. Bacchetta
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Nucleon “distributions”

Wigner distributions

/ o(x, b, kq)

o |
TMD transverse- SIDIS
momentum

distributions (x,kr) PDF parton
\distribution / 2d Fourier

. transform br

functions (x)
DIS - DIHADRON ||GPD Generalized

polarization
observables

Impact parameter
distributions (x,br)

Elastic ep parton |DVCS - DVMP

FF Form

i |
negral overx distributions
(x,§=0,Ar)
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egl-dvcs run
e Polarized electron beam ~85%
e Polarized target
e NH3 ~80%
e ND3 ~40%
e CLAS+ Inner calorimeter (IC)

Part A (Feb.-Mar. 2009) Part B (Apr.-Jun. 2009)

Hydrogen target NH3 Hydrogen target NH3

Beam energy: 5.892 & 4.735 GeV Beam energy: 5.967 GeV
Luminosity: 22.7 fb! Luminosity: 50.7 fb!

Target position: -57.95 cm Target position: -67.97 cm

CLAS2015 4th European CLAS workshop, Catania, Italy, February 16-22 2015

Deuteron target NDs
Beam energy: 5.764 GeV
Luminosity: 25.3 fb™!

Target position: -68.18 cm
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Summary of egl-dvcs analyses and status

. . . . E. Seder et al Phys. Rev. Lett. 114
Biselli, Niccolai, (2015) 032001

Pisano, Seder PRD: S. Pisano et al arXiv:
1501.07052 - ACCEPTED

Single and double spin asymmetries for Deeply Virtual
Compton Scattering on Longitudinally Polarized Proton Target

Single and Double Spin Asymmetries for Deeply Virtual
Exclusive m° Production on Longitudinally Polarized Proton A. Kim Ad Hoc review
Target

Measurement of Single and Double Spin Asymmetries in Semi- _ _ .
Inclusive Deep Inelastic Scattering on Proton and Deuteron S Koirala Analysis note review

Target and beam spin asymmetries for di-hadron production

ep > o X S. Anefalos Pereira In progress

DVCS beam and target spin asymmetries on the neutron

target D. Sokhan In progress

Spin Asymmetries in exclusive m*, %, n, and 1 electro- Analysis note

production from the eg1-DVCS experiment P. Bosted approved

Precision measurements of g; of the proton and the deuteron Y. Prok et al Phys.Rev.

with 6 GeV electrons Y. Prok C90 (2014) 2, 025212
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Single and double spin asymmetries
for DVCS on proton target

GPDs “F" ., ep — epy F(x, &, 1)

-

H, H, E, E / \ Y e x longitudinal quark

¢ momentum fraction
GPDs ~ e 2¢ longitudinal
r k momentum transfer to the
1+ & f struck quark
e t momentum transfer to
the nucleon

E=x

BQ—$B+£UB&
t=(p—p)
Compton Form Factors: 8 GPDs related quantities
1
1 1
ReF =P d — | F(x,&,t
‘ /_1 x[w—fﬁf] & &)
SmF =7 [F(&,€,1) F F(-E,&,1)]
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DVCS Polarization observables

Asymmetries«interference BH & DVCS
/) leptomc plane

DVCS Bethe-Heitler (BH)
hadromc RN

plane

c(eN—-eNy) = +

Beam Spin Asymmetry Ay
ALU(qb) X %m[@r g(Fl —+ Fg)ﬁ T 4]\22 Fgg]singb

Target Spin Asymmetry AUL

t -
AuL(é)  Sm] F@g Fi + F) @ 2e) — (P2 R + oy Bo)Elsin o

Double Spin Asymmetry ALL
A (@) o< RelE(H Y ¢(Fy + Faf(H) "26) 6L R + 1z Fa)El(A + Beoso)

’1\
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egl-DVCS highlights

measurement (S. Chen et al)

e Large kinematic range

asymmetries in the same kinematic range

S

e Compton Form Factors

High statistics, improvement of a factor 10 over previous target asymmetry
Complete detection of the final state ->small nuclear background

Simultaneous measurement of all three Beam, Target, and Double spin

Hall A High statistics, limited
coverage, 4 dimensional

HERMES CLAS>  High statistics and

coverage, 4 dimensional

Hall A One (Q%xw)bin, 7 -t bins,
low statistics, high

HERMES CLAS> LOW statistics integrated

over 3/4 variables

HERMES > Low statistics integrated

Acybeam(p) Im #,
S. Chen et al Phys. Rev. Lett. 97, 072002
04l < Auw(p) Im %,
0.2 AGbeam(n) Im E,
< 0 [
B (AUI_(p) Imq;{p,lm ‘Z/p
-0.2[ 5
-0 4i T I (ALL (p) Rewp, Re 'Z/p
o
B TR e “‘zgo‘ ~ 566350 Aut (p) Im %, Im &p
] egree
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over 3/4 variables

HERMES Low statistics integrated
over 3/4 variables
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Target Spin Asymmetries for DVCS

E. Seder et al Phys. Rev. Lett. 114 (2015) 032001
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Target Spin Asymmetries for DVCS

E. Seder et al Phys. Rev. Lett. 114 (2015) 03200
sin ¢@

04f gl SIIesRee Ay = 1 v+ Bcos ¢
s w«  ® Agreement with Hermes & CLAS
N SN . .
- T e Weaker drop in -t than Ay 2Axial
 — charge Im~#% <> AL is more
04 <XB>;O.255 2P acoas concentrated than electric charge
0.3 - '-‘;‘-.“’N """""" <o
oz—KQ\ _ ’/’}’\?\ ....... Im#% < Aw
oA f] - ; e Qualitative agreement VGG
— a0)| & GK low t
oa NI o | * Good agreement KMM12 but
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01F of e -- VGG Vanderhaeghen, Guidal, Guichon
oF - o2 * ... GK Goloskokov, Kroll
""" 04 08 12 o] e — KMM12 Kumericki, Muller, Murray
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Beam Spin Asymmetries for DVCS

S. Pisano et al arXiv:1501.07052 - PRD Accepted
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Ary =

12

e Agreement with
CLAS on H;

e No sensitivity to
nuclear effects

e Sensitivity to Im %,

e Fastdropin -t

e Good agreement
KMM12 but t<Q?/4

e Good agreement GL
in some bins

* VGG & GK

overestimate
-] 3
(Qpy)sin @
1+ Bcoso
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Double Spin Asymmetries for DVCS

o
S. Pisano et al arXiv:1501.07052 - PRD Accepted —OStantterm
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Compton Form Factors

S. Pisano et al arXiv:1501.07052 - PRD Accepted

isb <Q> = 152 GeViey Fo<@>=197Gevir | o M. Guidal, Eur. Phys. J. A37, 319 (2008)
b [<kg>=0.179 2— <xg>=0.255 N 4 2
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2:;@ zi £ ﬁ e Quasi model-independent: bounding the
L l os-| | domains of variation of the CFFs (5xVGG)
0.5F E ° .
oL v " | & 8unknowns, non linear problem, strong
25F <Q* =241 (GeVicy 3_ <Q* =2.6 (GeV/cy correlations
N3 <xg>=0.255 25F |<xp>=0.345
: 2; n
= F sk e Mostly sensitive to Im™#
E b EF ~ .
= | el l e Im7% has a steeper slope than Im™# - axial
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O_TJ : l O_l l . charge more concentrated?
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IF <Q% =331 (GeV/c) g
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DVCS Beam and Target spin
asymmetries on the neutron target

D. Sokhan

en — eny

e Pioneering CLAS measurement
e nDVCS important for flavor separation
= (H, E)u(&,&,t) = 9/154(H, E)p(&, €, 1) — (H, E)n(&, €, 1),
(H, E)al&,€,t) = 9/15[4(H, E) (€,6,1) — (H, E), (€, €, 1)
e Ayon neutron needed to constrain E, together with E, (from Ayr) and Hp » we can

extract the quark angular momentum (Ji’'s sum rule)
1

:> Ji=-—-J% = 2/ xdx|H(x,£,0) + E9(x,£,0)]
~1

n-y* plane

|||||||||||||||||||||||||||||||||||
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Single and Double Spin Asymmetries
for Deeply Virtual Exclusive nt°

A. Kim
0

ep — epT
R

w/‘ s \m

\.-,/ \
8 GPDs“F”

H? H? E? E? parton helicity-conserving (chiral- even)
HY, HY, E% EL parton helicity-flip (chiral-odd) 42

For the °
0
T U d
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Single and Double Spin Asymmetries
for Deeply Virtual Exclusive n°

A. Kim
= o7 + €0 + €opr cos2¢p + \/e(1 + €)orT cos ¢
+ Py/ 6(1 — G)O'LT/ sin ¢
+P(v/e(1+ €)os? sin q§ — ea?}%% sin 2¢)
+Py Py (V1 — €201 + /€ ach¢ oS @)

2T d*o

T dQ2dzpdtdo,

1
~ Z/ldm%ox,m(aﬁ,&QQ,t)F(x,g,t)
—J_

Agp?o0 ~ Im[(Hy) * (E)]
P | A0 Tm[(Er) « (H) + (Hr) % (B)]

. D A% 00 ~ Rel(Br) « (H) + £(Hr) * (B)
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Target Spm Asymmetries for ep->epm®’

A. K|m
A g _
U%A:—_t — 0.15 GeV?2 ; —t =0.26 GeV? F —t = 049 GeV? : 92 GeV?
02 ] ] f
oF - z : '
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Double Spin Asymmetries for ep->epm®’

A. Kim
ALLI-_ —t=0.15 GeV?2 - —t = 0.26 GeV? [ ¢ = 0.49 GeV? - —t = 0,92 GeV?
0.5W?
06' 7100 200 300 T I0 X0 300 0 100200 | 300 .0' ~7I00 200 300
¢, degree X’ distribution of different kinematics fits ¢, degree
Arg n 3F — Enties 10
1 —t=146 GeV?2 -4“:_,’ i Mean 0.9446 1:_t =0.27 Ge+V !
: < 23_ RMS ' 0.3522 w
0.5- 0.5- ' +
z 1 - |
160 200 300 H H 100 200 300
¢, degree ol Bl L BT ¢, degree
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Double Spin Asymmetries for ep->epm®’

(Q%)=2.83 GeV?; (xp)=0.40

A. Kim

(@*)=1.94 GeV?; (z5)=0.25

TSA

R t

0.2 -
sin ¢ + + + +
—— Ay ] [ +
, 0
oA LI + N
0.2b ——— +
0 0.5 1 15 0 0.5 T 15
—t [GeV?] —t [GeV?]
DSA | +
_ ¢
0.6_ ¢ ¢ } —
I ¢ t +
4-A73? 0% g
const 0-2:_ + B
AT %& 1N\ ey |
o +
Curves Goloskokov-Kroll : —%I[SGeV2] 0> 1 _t '[SGeV2]
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Measurement of Single and Double Spin
Asymmetries in Semi-Inclusive DIS

S. Koirala

Leading twist TMD eN — en X

FF
e
u h' e Py, U D Hy"
L gu  hu' , %4 ([ L Gu Hu'

T fir— g17 hy,hart % T Hi Git |£|1'H1T

N PDF X Asin 2¢
UL
- only term at LEADING ORDER

4L

1 Nt —N— . . -involves h, @ Ht
o sing . sin2¢ _. 1L 1
Avr = fP, Nt + N- o< Ay sing + Ay 7 sin2¢ ——» .« @ Hermes ~ zero
* related to transverse polarization
4 — 1 Nt —N— ¢ ®D of quarks in the longitudinal
DB NT+ N~ fi® Dy \ i, .
* Non-zero in CLAS (Avakian PRL
g1 well known from the collinear case (DIS), its Pn. 105, 262002 (2010)

dependence only recently explored

== . .
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Target Spin Asymmetries for ep->enX

S. Koirala

nt 0 ot 0
0.2 0.2,
Xg e(o1g T” X €(0:21] 0.30) x5 €(0.12, 0.21) x5 €(0.21, 0,30)
o1 \ . | ﬁ T 01 |
gs'oiT‘TT T\ | .‘?_.owu |
< | » D ‘

i
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ot | 4| | 0.1 | ‘
o * s | q
£d £ 4 ol |
U)< I ‘ I n D Y f H ‘ ‘
I = < L]
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Double Spin Asymmetries for ep->enX

S. Koirala
+ - 0 + - -0
JUJU TU JUJU TC
0.5- Xg €(0.12, 0.21) LxB €(0.21, 0.30) 0.5- Xg €(0.12, 0.21) xg €(0.21, 0.30)
+ L
T
2 o &
33 0 — 3do
< <
-0.5¢ — -0.5
05l xg €(0.30, 0.39) | +xBW‘e( 39, 0.48) 05
ST
] b W
2 g
84 o 7
< _— e <
E—— |
-05 o N -05
Lo b by b b by by w b w1y Lo by b b b by by b bw w1y
0 02040608 0 020.40.60.8 1 0 02040608 0 0.20.40.60.8 1
P, [GeV] P, [GeV] P, [GeV] P, [GeV]
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Target and beam spin asymmetries for
di-hadron production

S Anefaloq_Pereira
Higher-twist PDF eEp — €T a7 X DiFF

) ~ <q chiral-odd interference
ZICHONEE - ¢ h  H

fragmentation function

U f1(x) e(x) % extracted by the Belle
( ) Collaboration from e*/e- data PRD
L g1(x) hu(x) FF Pr1 g5 114023 (2012)
T gr(x)  ha(x) %N ¥
PDF

Experimental status

e f1(x),g1(x), and gr(x) measured through DIS

e hi(x): transversity distribution - chiral odd. Can be accessed only
with Semi-Inclusive DIS

e e(x), and hy(x) still unknown

== . .
= -
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Target and beam spin asymmetries for
di-hadron production

S Anefalog Pereira
ep —em ' m X
Accessing higher twist PDFs with polarization experiments

Fyur = xfi(x)Di(z,cos 0, My)
R|sinf 1 ~
Jcos ¢r _ _xHi _ff(g;)qu(Z, cos b, Mh)

uu Q >
u ~0in the Wandzura-\%i‘lczek approx
)

sin o R|sin6 =~ 1 ~
i = a0 | e QU o8 0,00) + £ £ G o Beam Asymmetry

-

. R|sinf | M ~ 1 27 - .
prinon _ _, RIsin [ )qu(z,cose,MhH;gf(x)mq(z,cgs_e,zum]' <ETarget Asymmetry

Q [ My
FE%"“?(z,cos@,Mh) -® < Double Spin Asymmetry
FEPor — _p |5m9%gf(x)l~)<q(z,cos 6, My)

e(x) and hy(x)
e related to quark-gluon correlations
e e(x) x-integral related to scalar-charge of the nucleon

e h.(x) x-integral related to the nucleon tensor charge
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5+ N

0.005F

Results beam asymmetry for ep->ent'nX

- ASino (NH)

g_ ASINO (Hz} Pisano (elf)

P

e Significant non-zero asymmetry

i b Ly EEEEE AR
%3 035 04 045 05 055 06 065 O? 075

2

S Anefalos Pereira

gy

q 0 A
.04
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e Agreement with elf analysis (Pisano)

ALU 0.6 €q( )Hl
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AUL
=]

Results target asymmetry for ep->ert'rX

S Anefalos Pereira

093035 04 045 05 055 06 065 0

e Non zero sing
e sin 2¢ compatible with zero

AUL
=)

AUL 0.¢ h%(il?)Hl

&

|

|
IS T
ot +
| ——
My,
| <Iq(z, cos 0, Mp,)
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Results double spin asymmetry for ep->ert'nX

S Anefalos Pereira

o 05p 4 05 4 05p
< C < C <t C
045 A const 0.45F 045~
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0.4 041 04
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Precision measurements of g; of the
proton and the deuteron with 6 GeV

Y. Prok et al Phys.Rev. C90 (2014) 2, 025212

eN — eX

do T/ T F, , 0 Fy , 0 Ey+ E'cosf Q?
= 2t —— 4+ 2ta —
dQdE M [ +2tan” 5 37 i e Ve Rl v 92)]
F1, F2 unpolarized structure functions g1 g» polarized structure functions
) do™ — do g _ A4 c,,
1 Q%) = Ty ¥ doth P D

g1 < quark Ag, antiquark Ag and gluon AG
1 s 2 s 2 50
e~ AR (2480 LG

r* . .
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Precision measurements of g; of the
proton and the deuteron with 6 GeV

Y. Prok et al Phys.Rev. C90 (2014) 2, 025212

eN — eX
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e This data
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e s = e B T L H+ S
LTI A z | LT T}*
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f e pQCD LSS have stronger Q% dependence V)2
W=2GeV |e pQCD above data at at low x, below at higher x
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new global fit will constrain higher twist correction
and improve AG
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Spin Asymmetries in exclusive rt*, it°,
n, and it electro-production

P. Bosted
topology final state particles e Comprehensive study of
ep — em'n electron, m, neutron exclusive meson production
ep — eyy(m)p electron, two photons, proton e Resonance region
ep — eyy(n)p  electron, two photons, proton e Main motivation: global fit for
en — em p electron, =, proton radiative to semi-inclusive
ep —emt(n)  electron, 7+ meson production
ep — ey(7%)p  electron, one photon, proton e Topologies combined to
ep — ey(n)p electron, one photon, proton maximize statistics
en —en (p)  electron, m~ e Kinematic range:
ep — eyy(n°)(p) electron, two photons e 1.1 <W<3GeV
ep — eyy(n)(p) electron, two photons e 1<Q% 6 GeV?

g — 0'0(1 -+ PbALU -+ PtAUL + PthALL)
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Averaged

Double Spin Asymmetry results over¢’
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Target Asymmetry results
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Consistent with r° Biselli et al
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Sensitivity to interference between background
and resonance contributions
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Conclusions

e Both single and double polarization observables

¢ Inclusive, semi-inclusive and exclusive channels

e Large kinetic range in x,Q2, W, t

e Enough precision to extract some quantities (e.g. CFF) and to
distinguish different models

e More data to come in CLAS12

E12-06-112 SIDIS

E12-06-112 DVCS

E12-11-109 a di-hadron
E12-11-003 nDVCS

E12-06-109 DIS

E12-06-119 pol target DVCS
PR12-11-109 pol target di-hadron
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~Fairfield  Thank you.
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